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Abstract 
The effect of changes in the composition ratios of Cu/(Zn+Sn) and Zn/Sn in initial precursor mixtures on 
the final composition and properties of Cu2ZnSnS4 (CZTS) monograin powders has been investigated. 
EDX studies revealed that Cu/(Zn+Sn) concentration ratios in the single phase powders can be changed 
only from 0.92 to 0.95 and Zn/Sn ratios only from 1.0 to 1.03. Raman spectra of all powders showed 
main peaks around 287, 338, and 375 cm-1 characteristic for CZTS materials. Larger deviations from 
stoichiometry results in CZTS powder crystals with secondary phases, identified as Sn2S3, SnS2, Cu2-xS 
and ZnS. All CZTS monograins have p-type conductivity with an electrical resistance in the range of 
1.3x103 to 1.6x104 , depending on the initial composition of the precursor mixture. 
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1. Introduction 
Cu2ZnSnS4 (CZTS) is a semiconductor with a direct band gap of about 1.5 eV and an absorption 
coefficient of 104 cm-1, and for this reason it is a potential material for solar cell application. 
Demonstrated efficiencies of up to 6.8% as well as it`s use of only cheap and abundant elements make 
 
∗
 Corresponding author. Tel.: +3-72-620-3362; fax: +3-72-620-3367. 
E-mail address: muska@staff.ttu.ee 
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd.
 Selection and/or peer-review under responsibility of Organizers of European Materials Research Society (EMRS) 
Conference: Symposium on Advanced Inorganic Materials and Concepts for Photovoltaics.
Open access under CC BY-NC-ND license.
204   K. Muska et al. /  Energy Procedia  10 ( 2011 )  203 – 207 
CZTS a promising alternative to current photovoltaic materias [1]. It is found that Cu-poor and Zn-rich 
composition of material improve the efficiency of CZTS solar cells because Cu vacancies forming 
shallow acceptor levels in CZTS lead to p-doping, while Zn-rich conditions prevent the substitution of Cu 
on Zn sites, which gives rise to relatively deep acceptor levels [2]. Therefore, a tight control of the 
composition and the structure of CZTS are important for achieving high efficiency solar cells. However, 
there have been only few studies determining the compositional limits in CZTS. A comprehensive 
analysis of the Cu2S-ZnS-SnS2 pseudo-ternary system, carried out by Olekseyuk et al, showed that single 
phase Cu2ZnSnS4 is present only within a rather narrow range of compositions. Theoretically even a 2-
3% compositional variation could lead to phase separation [3].  
The aim of this study was to determine the exact compostional limits to obtain single phase CZTS in 
our monograin powder synthesis. The work includes a systematic comparison of the influence of the 
initial composition of the precursor mixture on the CZTS powder composition formed. For this purpose 
powders with various initial compositions were synthesised focusing mainly on the "Cu-poor" and "Zn-
rich" composition region (compare Fig. 6).  
2. Experimental 
In this study Cu2ZnSnS4 powder materials with different compositions were synthesized in molten 
potassium iodide as a flux material sealed in evacuated quartz ampoules. Starting materials were high- 
purity powders of CuZnSn-alloy and elemental S. In order to adjust the CuZnSn-alloy composition self-
synthesized CuS and SnS and commercial ZnS of high purity were added. The precursors were mixed in 
desired molar ratios and milled in ball mill, degassed under dynamic vacuum, sealed into evacuated 
quartz ampoules and annealed isothermally at 1013 K for 90 hours. After the synthesis the flux material 
was removed by deionised water. 
The shape and surface morphology of the crystals were examined by high resolution scanning electron 
microscopy (SEM). The chemical composition of the monograin powders was determined from the bulk 
of polished crystals using energy dispersive x-ray spectroscopy (EDX). Room temperature (RT) Raman 
spectra were recorded using a Horiba’s LabRam HR high resolution spectrometer equipped with a 
multichannel CCD detection system in backscattering configuration. The electrical resistances of the 
grains were measured by contacting single grains with two indium contacts. An ohmic behaviour of the 
contacts was assumed based on the linearity of the I-V dependence. The conductivity type of materials 
was determined using the hot-probe method.  
3. Results and discussion 
Figure 1 gives the values of the Cu/(Zn+Sn) and the Zn/Sn ratios in the synthesized CZTS powders 
calculated from the EDX analysis as a function of these ratios used in the precursor composition. It can be 
seen that even though the Cu/(Zn+Sn) ratio in the precursors mixture was changed from 0.82 to 1.1, the 
compositional ratio Cu/(Zn+Sn) in the grown powders varied only from 0.93 to 1.03. At the same time 
the Zn/Sn ratio in the synthesized materials decreased with increasing Cu content in the precursor mixture 
from 1.03 to 0.92. This leads to the assumption that both Zn and Cu are forming also separate phases in 
the material. The SEM and EDX investigations showed that all powders with initial compositional ratio 
of Cu/(Zn+Sn) below 0.95 contain extra phase of ZnS. The Raman analysis confirmed the presence of 
this ZnS phase by it’s Raman peak at 351 - 353 cm-1 [4]. All Raman spectra of CZTS powders 
independent of the Cu-content showed the characteristic Raman frequencies of CZTS at 286, 338, and 
375 cm-1 (Fig.2) [4]. In the case of the lowest Cu content in the precursors (Cu/(Zn+Sn) = 0.82) also 
further additional phases like SnS and SnS2 were detected at 166, 189, 220 and 313 cm-1, respectively [5]. 
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SEM images of polished CZTS crystals are shown in Figure 3a. According to these SEM results, some 
CZTS crystals contained areas of secondary phases. In Cu-rich conditions (Cu/(Zn+Sn)  1.0), extra 
phases of Cu2-xS were detected also by EDX analysis (see Fig. 3b). The presence of this compound was 
also confirmed by it’s Raman peak at 473 cm-1 [4]. The formation of Cu2-xS on the Cu-rich side of 
compositions is in agreement with the phase diagram assembled by Olekseyuk et al [3]. On the Cu-
deficient side, the border of the CZTS phase lies in the region where the ratio of Cu/(Zn+Sn) = 0.92 - 0.95 
if Zn/Sn = 1.03, also in agreement with our results. 
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Fig. 1. The compositional ratios of CZTS 
powders and grain resistance in dependence of 
Cu/(Zn+Sn) in precursors
Fig. 2 RT Raman spectra of CZTS powders with 
different ratio of Cu/(Zn+Sn) in precursors 
(Zn/Sn =  conts.)
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Fig. 3 SEM images of polished CZTS crystals. 
 
All the CZTS monograins in the first series exhibit p-type conductivity regardless of the Cu/(Zn+Sn) 
and the Zn/Sn ratios. The dependence of the grain resistance on the initial Cu/(Zn+Sn) ratio is given in 
Fig. 1. (right axis). The measured resistance of the grains decreases from 1,4x104 to 1,4x103  with 
increasing Cu content in the precursor mixture. Cu-rich and Sn-rich powders have the lowest grain 
resistance. This could be attributed to the formation of the highly conductive CuxS phase on the surface of 
the grains probably deposited when cooling down the synthesis mixture. Due to this these materials may 
be not suitable for fabricating solar cells [6].  
Next, we investigated similar compositional dependences by varying the Zn-content in the initial 
precursor mixtures while keeping the Cu/Sn ratio constant. Figure 4 shows Cu/(Zn+Sn) and Zn/Sn values 
as determined in the final powders as a function of the initial Zn/Sn ratio for Cu/Sn = const. The powder 
composition can only be varied in the range of Zn/Sn between 0.9 and 1.03. Increasing the Zn content in 
precursor mixture to more than 1.03 does not change the composition of product powders. The ratio of 
Cu/(Zn+Sn) remains almost constant (around 0.93- 0.95) in Zn-rich powders (Zn/Sn > 1.03). Raman 
spectra (Fig. 5) exhibit CZTS peaks at 286, 338, and 375 cm-1. For the Sn-rich powders the Raman 
spectra reveal the presence of additional Sn2S3 and SnS2 phases with characteristic modes at 304 and 313 
cm-1, respectively [4]. The additional peak at 363 cm-1 and the broadening of the peak at 338 cm-1 can be 
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assigned to some separate ternary Cu-Sn-S phases [7] among the powder crystals. Powders with 
compositional ratios of Zn/Sn > 1.03 contain an additional ZnS phase present as separate crystals as it 
was confirmed by SEM and EDX. Therefore, increasing the Zn-content in the precursor does not widen 
the range of single-phase CZTS.  
When varying the Zn content in the initial material composition also the grain resistance of larger 
grains was measured and values from 1,3x103 to 1,6x104  were determined. The grain resistance 
decreases with decreasing the Zn content as seen in fig. 4 (right axis).  
 
0,90 0,95 1,00 1,05 1,10 1,15 1,20
0,85
0,90
0,95
1,00
1,05
1,10
1,15
1,20
 Cu/(Zn+Sn)
 Zn/Sn
G
ra
in
 
re
sis
ta
n
ce
,
 
Ω
Co
m
po
si
tio
n
a
l r
a
tio
 in
 
po
w
de
r
Zn/Sn in precursor
Rgrain
Cu/Sn=const. in precursors
102
103
104
2 5 0 3 0 0 3 5 0 4 0 0 4 5 0
3 6 3 : C u - S n - S
3 1 3 : S n S 2
2 8 9 : C Z T S
0 ,9 0
0 , 9 5
1 , 1 0
No
rm
al
is
ed
 in
te
ns
ity
, (a
.
u
.
)
R a m a n  s h i f t ,  c m
- 1
Zn
/S
n
1 , 2 0
3 3 8 : C Z T S
3 5 1 : Z n S
3 7 3 : C Z T S
3 0 4 : S n 2 S 3
 
Fig.4 Compositional Zn to Sn ratios in powder 
and CZTS monograin resistance in dependence 
of Zn/Sn concentration ratio used in precursors 
Fig. 5 RT Raman spectra of CZTS with different 
ratio of Zn/Sn in precursors (Cu/Sn = conts.) 
 
On the basis of these studies, a pseudo-ternary composition diagram was deduced. In fig. 6 the 
stoichiometric composition of Cu2ZnSnS4 is shown by red dot. The black dots represent the initial 
compositions for the first series of materials investigated in this study and the blue dots mark the initial 
composition of precursors for the second series of materials reported here. The black and blue hollow 
circles represent compositions of the synthesised powders. In our study we focused mainly on the "Cu-
poor" and "Zn-rich" regions, indicated by red triangle. Also, some powders were synthesized outside of 
this region in order to clarify the compositional limits of the system. Our results indicate that only two 
initial compositions are in the "Sn-poor" region. Even a 2 mol% Sn-deficiency in the initial mixture of 
components results in a "Sn-rich" composition of the powders. 
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 Fig.6. Pseudo-ternary composition diagram showing the position of stoichiometric CZTS (red dot), initial (black and 
blue dots) and final compositions (hollow circles) for CZTS monograins powder used in this study. 
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The results indicate that the final composition of the monograin powders can be adjusted only in the 
following regions: Cu content between 47.8 - 50.8 mol%, Zn content between 23.6 - 26.5 mol% and Sn 
content between 25.4 - 26.0 mol%. CZTS powders without any secondary phases were synthesised only 
from precursor compositions with a Cu content of 48.7 to 49.0 mol%, a Zn content of 25.5 to 26.0 mol%, 
and a Sn content of 25.3 to 25.5 mol%. 
In conclusion, the single phase composition region for CZTS monograin powder synthesis is very 
narrow. Already a few percent deviation from the stoichiometric composition leads to the formation of 
extra phases in addition to the CZTS material. In the case of excess Zn (Zn/Sn > 1.03), ZnS forms as a 
secondary phase. In the opposite case, under Zn-poor conditions, separate Sn-S phases are present in 
addition to the ZnS phase. A Cu-rich composition results in an additional Cu2-xS phase on the powder 
crystal surfaces. So, single phase CZTS monograin powders can be synthesised only from a precursor 
mixture comprising metal ratios of Cu/(Zn+Sn) = 0.92 - 0.95 and Zn/Sn = 1.0 - 1.03.  
4. Conclusions 
The compositional analysis of Cu2ZnSnS4 monograin powders synthesised from different initial 
precursor compositions was used to determine the single phase region in the phase diagram of this 
material. The results show that the initial composition of the precursor mixture has a major impact on the 
final powder composition and it`s electrical behaviour. Already a slight deviation from the stochiometric 
composition leads to the formation of extra phases in addition to the formed crystals. Single phase CZTS 
monograin powders can be grown in molten KI with precursor metal ratios of Cu/(Zn+Sn) = 0,92 - 0.95 
and Zn/Sn =1.0 - 1.03. All the as-grown monograin powders exhibited p-type conductivity. The grain 
resistance increases with decreasing ratio of Cu/(Zn+Sn) and increasing ratio of Zn/Sn.  
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